The relationship between stressful life events and the onset of disease is well documented. However, the role of psychological stress as a risk factor for life-threatening cerebrovascular insults such as stroke remains unspecified, but could explain individual variation in stroke outcome. To discover the mechanisms through which psychological stress may alter stroke outcome, we modeled the effects of chronic social intimidation and stress on ischemiainduced bcl-2 expression and early neuronal cell loss resulting from cerebral artery occlusion in mice (C57BL͞6). The bcl-2 protooncogene promotes cell survival and protects against apoptosis and cellular necrosis in numerous neurodegenerative disorders, including stroke. In our study, male mice were chronically exposed to aggressive social stimuli before induction of a controlled, mild ischemic insult. Stressed mice expressed Ϸ70% less bcl-2 mRNA than unstressed mice after ischemia. In addition, social stress greatly exacerbated infarct in wild-type mice but not in transgenic mice that constitutively express increased neuronal bcl-2. Despite similar postischemic concentrations of corticosterone, the major stress hormone in mice, high corticosterone concentrations were significantly correlated with larger infarcts in wild-type mice but not bcl-2 transgenic mice. Thus, enhanced bcl-2 expression offsets the potentially deleterious consequences of high postischemic plasma corticosterone concentrations. Taken together, these data demonstrate that stressful prestroke social milieu strongly compromises an endogenous molecular mechanism of neuroprotection in injured brain and offer a new behavioral target for stroke therapy.
T
he relationship between stressful life events and the onset of disease is well documented (1) , and among the general public it is commonly believed that stress is an important factor in the etiology of stroke (2) . A few studies and case reports have provided support for a relationship between severe emotional stress and stroke (2) (3) (4) . However, other reports have concluded that there is no effect of emotional factors on stroke incidence (5) (6) (7) (8) . These contrasting results likely reflect, among other factors, differences in criteria used for identification of stressors and clinical determination of stroke. Furthermore, it is difficult to distinguish between effects of stress on stroke incidence versus stroke outcome in clinical populations. This is particularly pertinent to small, so called silent strokes, which are underreported in the general population (9) , but may be unmasked by factors that exacerbate their severity and clinical presentation.
Despite disagreement regarding the effects of prior exposure to stress on stroke incidence, several clinical and nonclinical animal studies have provided evidence suggesting that periischemic concentrations of glucocorticoid hormones affect stroke outcome. These hormones, i.e., cortisol in humans and corticosterone in rats, increase during stressful events. In humans, post-stroke cortisol concentrations are predictive of stroke outcome; high cortisol is associated with increased morbidity and mortality (10) (11) (12) . Furthermore, experimental manipulations in rats that increase blood corticosterone concentrations during or after cerebral ischemia also increase infarct volume (13) , whereas surgical or pharmacological suppression of corticosterone concentrations is neuroprotective (14, 15) . It has been proposed that rather than killing neurons directly, exposure to high concentrations of corticosteroids typically induces a physiological state that renders neurons more susceptible to subsequent neurologic insults (16) . We hypothesized that suppressed bcl-2 expression may be one such mechanism through which stress compromises neuronal survival following stroke. The role of bcl-2 protooncogene in stroke outcome has been studied extensively. Increased bcl-2 expression promotes cell survival and protects against apoptosis and cellular necrosis in numerous neurodegenerative disorders (17) . Under ischemic conditions, bcl-2 expression is selectively increased in the peri-infarct region (18) (19) (20) (21) (22) . Alterations in bcl-2 expression by either genetic (23) (24) (25) (26) (27) (28) (29) (30) or pharmacological (18, (31) (32) (33) manipulations ultimately affect tissue infarction; treatments that increase bcl-2 expression tend to be neuroprotective. The effects of environmental stress on bcl-2 expression in brain are unknown. However, ligand-induced activation of glucocorticoid receptors, which mediate many of the cellular changes associated with stress (34) , results in suppressed bcl-2 expression and increased incidence of apoptosis in the hippocampus (35) . These data suggest that a mechanism exists through which stress may alter bcl-2 expression in brain and ultimately exacerbate ischemic outcome.
The purpose of the present study was to evaluate altered bcl-2 expression as one of the mechanisms through which psychological stress may influence stroke outcome. We modeled the effects of chronic social intimidation and stress on ischemiainduced bcl-2 expression and early neuronal cell loss resulting from middle cerebral artery occlusion, which is a reproducible and reliable model of cerebral ischemia in humans (36, 37) . Experiment 1 compared the effects of chronic social stress on stroke-induced bcl-2 expression. Experiment 2 tested the hypotheses that (i) exposure to social stress increases infarct volume and (ii) enhanced bcl-2 expression ameliorates stressinduced increases in infarct volume.
Methods
Animals. This study was conducted in accordance with National Institutes of Health guidelines for the use of experimental animals, and the protocols were approved by the local Institutional Animal Care and Use Committees. Adult, sexually naive male mice (2-4 months old; 23-30 g) were individually housed, allowed ad libitum access to food and water, and maintained on a 14L:10D light-dark cycle. C57BL͞6 mice used in the ribonuclease (RNase) protection assay were obtained from Charles River Breeding Laboratories. Transgenic mice overexpressing bcl-2 under control of neuron-specific enolase promoter and WT controls were bred at the Walter and Eliza Hall Institute of Medical Research (Australia) as described (18) .
Social Stress. Experimental animals were placed in the home cage of a large aggressive male mouse (Ͼ30 g). The animals were allowed to interact freely until they engaged in five antagonistic ''bouts.'' Then, a screen barrier was used to divide the cage in half and separate the two animals. The screen prevented additional physical interaction but allowed the animals to continue to make visual and auditory threats. The experimental animal remained in the cage for an additional 45 min. On the following 2 days, the experimental animal interacted freely with the aggressive male until one aggressive bout occurred, then the two animals were separated by the screen for an additional 45 min. At the end of each stress session, the experimental and stimulus animals were closely inspected before being returned to their home cages. None of the animals sustained wounds that required medical intervention. Control animals were handled and inspected daily in a fashion similar to the animals in the social stress group, but otherwise remained undisturbed in their home cages.
Experimental Stroke. Transient focal cerebral ischemia was induced in male mice by middle cerebral artery occlusion as described (38) . Briefly, the mice were anesthetized with 1-1.5% halothane in oxygen-enriched air. Unilateral middle cerebral artery occlusion was achieved by using the intraluminal filament insertion technique, which consisted of introducing a 6-0 nylon monofilament into the internal carotid artery, via the external carotid artery, to a point 6 mm distal to the internal carotid artery-pterygopalantine artery bifurcation. Once the filament was secured, the animals were allowed to emerge from anesthesia. After 60 min of ischemia, the animals were reanesthetized briefly, and reperfusion was initiated through withdrawal of the filament. This surgical protocol typically results in a core infarct limited to parietal cerebral cortex and caudate putamen. Body temperature was maintained at Ϸ37°C during surgery and recovery through the use of heat lamps and water pads. There were no significant group differences in body weight measured immediately before middle cerebral artery occlusion [F (3, 20) ϭ 0.69; P ϭ 0.57].
RNase Protection Assay. Radiolabel bcl-2 antisense riboprobe was transcribed from a 272-bp rat bcl-2 cDNA fragment, cloned into a plasmid vector (Bluescript, Stratagene) under control of T3 bacteriophage polymerase promoter to a specific activity of Ϸ10 8 cpm͞g. RNase protection was performed directly in tissue lysates as described (18) . Briefly, 24 h after ischemia, the brains were rapidly removed and snap frozen in chilled isopentane. At the time of RNase protection assay, the brains were thawed, and each hemisphere homogenized in a commercial lysis solution (Ambion, Austin, TX) and incubated in excess bcl-2 and actin probes overnight. Unhybridized probes were removed by ribonuclease digestion. Hybridized probes were visualized via autoradiography following denaturing PAGE. Images of the autoradiographic bands were digitized, and optical densities of the bcl-2 bands were normalized to corresponding B-actin.
Determination of Stroke Volume. Brains were removed and sectioned into five 2-mm-thick coronal sections. Sections were incubated for 10 min on each side in 2,3,5-triphenyltetrazolium maintained at 37°C. Following staining, the sections were fixed in 10% formalin for 24 h, then photographed. Images were analyzed (Inquiry; Loats Associates, Westminster, MD), and infarct size was expressed as a percentage of the contralateral hemisphere after correcting for edema (38) . Eight animals, distributed across all experimental groups, were excluded from analysis because of unsuccessful induction of infarct.
Determination of Blood Corticosterone Concentrations. Blood samples were collected via rapid cervical dislocation and decapitation 6-8 h into the light phase of the circadian cycle. The samples were centrifuged at 4°C for 10 min at 3,000 rpm. The serum was collected, then stored at Ϫ70°C. Corticosterone concentration was determined by using an I 125 corticosterone kit (ICN). All samples were quantified in the same assay. Experiment 1. Stroke-induced bcl-2 expression was compared in animals subjected to chronic social stress (n ϭ 8) versus unstressed controls (n ϭ 8). The stress animals were exposed to social stress on three consecutive days, as described above. The last stress session occurred approximately 1 h before induction of cerebral ischemia. Following 24 h of reperfusion, the blood and brain tissue samples were collected. Corticosterone concentrations were measured by using an RIA kit, and bcl-2 expression was determined through RNase protection assay. The hormone and mRNA data were analyzed by using unpaired t tests. The relationship between corticosterone concentration and bcl-2 expression was analyzed by using Pearson Product Moment Correlation. Effects were considered statistically significant at P Ͻ 0.05.
Experiment 2.
To determine whether stress-induced suppression of postischemic bcl-2 expression was functionally significant, we compared infarct volumes of wild-type (WT) mice (stress n ϭ 5, no stress n ϭ 5) and bcl-2 transgenic mice (stress n ϭ 6, no stress n ϭ 5). The experimentally stressed animals were exposed to social stress on three consecutive days and then subjected to cerebral ischemia as described above. Following 24 h of reperfusion, the blood samples and brains were collected. Additional blood samples were collected from nonischemic WT and bcl-2 transgenic mice at baseline and 1 h after initiation of social stress. Infarct and hormone data were analyzed by using ANOVA followed by post hoc analysis using Fisher's test. The relationship between post-ischemic corticosterone concentration and infarct size was analyzed by using Pearson Product Moment Correlation. Effects were considered statistically significant at P Ͻ 0.05.
Results

Experiment 1.
RNase protection assay was used to assess the effects of chronic social stress, induced through repeated exposure to a large aggressive male, on bcl-2 expression in WT mice subjected to transient focal ischemia. Bcl-2 mRNA levels in the ischemic hemisphere of the stressed mice were significantly lower (Ϸ70%) than in the unstressed control mice (t ϭ 2.3, P Ͻ 0.05; Fig. 1 ). There was no difference in bcl-2 mRNA levels (OD, relative to actin) between the stressed and unstressed groups in the nonischemic hemisphere (75 Ϯ 8 versus 81 Ϯ 10, respectively; P Ͼ 0.05). Serum corticosterone concentration was significantly elevated in stressed animals relative to unstressed controls (234 Ϯ 36 ng͞ml versus 131.5 Ϯ 29 ng͞ml, respectively; t ϭ 2.18, P Ͻ 0.05). Furthermore, there was a significant correlation between serum corticosterone concentration and bcl-2 expression (correlation coefficient ϭ Ϫ0.52; P Ͻ 0.05; Fig. 2 ). Experiment 2. Based on the RNase protection assay data, we formulated the following hypothesis: if chronic stress exacerbates ischemic outcome by suppressing bcl-2 expression, then stressed WT mice will exhibit larger infarct volumes than unstressed WT mice, whereas transgenic mice that constitutively express high levels of neuronal bcl-2 will be protected against the effect of stress on infarct volume. Consistent with this hypothesis, WT mice that were exposed to social stress on three consecutive days before stroke exhibited infarct volumes that were approximately four times larger than unstressed WT mice, whereas infarct volumes did not differ significantly between stressed and unstressed bcl-2 transgenic mice (ANOVA; F ϭ 5.2, P Ͻ 0.05; Fig. 3 ). The unmanipulated transgenic mice displayed lower baseline corticosterone concentrations than the WT mice, but the two genotypes exhibited similar corticosteroid responses to social stress (F ϭ 23.06, P Ͻ 0.05; Fig. 4a ). After 24 h of reperfusion, blood corticosterone concentrations were similar between genotypes of stressed and unstressed animals (F ϭ 3.23, P Ͻ 0.05; Fig. 4b ). However, postischemic corticosterone concentrations were correlated positively with infarct size in WT mice (correlation coefficient 0.67; P Ͻ 0.05; Fig. 5 ) but not in the bcl-2 transgenic mice (correlation coefficient 0.18; P Ͼ 0.05).
Discussion
The results of this study provide evidence that extrinsic factors, such as chronic social intimidation and stress, can suppress postischemic bcl-2 expression in brain and exacerbate experimental stroke outcome. As expected, inducing social stress through the use of a resident-intruder paradigm resulted in increased corticosterone concentrations ( Fig. 4a; refs. 39 and  40 ). In addition, postischemic corticosterone concentrations also were elevated in the previously stressed WT mice compared with controls (Fig. 4b) . Infarct volumes in stressed WT mice were four times larger than in unstressed animals ( Fig. 3 ) and were correlated with circulating corticosterone concentrations (Fig.   5 ). Our data corroborate clinical studies in which poststroke cortisol concentrations were predictive of stroke outcome (10) (11) (12) . Furthermore, experimental manipulations that increase blood corticosterone concentrations during or after cerebral ischemia increase infarct volume in rats (13), whereas manipulations that decrease corticosterone concentrations are neuroprotective (14, 15) . Thus, in both humans and rodents, elevated Fig. 1 . Stress alters postischemic expression of bcl-2 mRNA measured by RNase protection assay. Male mice exposed to social stress exhibit bcl-2 mRNA levels that are less than 31% of control levels in the ischemic hemisphere 24 h after transient experimental stroke. Data (n ϭ 8͞group) were analyzed by using an unpaired t test and are presented as mean Ϯ SEM. An asterisk indicates statistical significance at P Ͻ 0.05. Fig. 2 . Postischemic corticosterone concentrations (ng͞ml) and bcl-2 mRNA levels are significantly correlated in stressed (n ϭ 8) and control (n ϭ 8) mice. Bcl-2 mRNA is measured by RNase protection assay. Under a limited number of circumstances, stress has been shown to be directly responsible for compromising neurogenesis or neuronal survival in the hippocampal region of adult animals. For example, exposure to psychosocial stress (41, 42) or exogenous corticosteroids (43) suppresses neurogenesis in the dentate gyrus, a region of the hippocampus that is unusual because of its ability to produce new neurons in adulthood. Furthermore, animals who are maintained long-term on exogenous glucocorticoids in the upper physiological range exhibit selective neuronal loss (44) . However, most corticosteroid-mediated neuronal damage is probably caused by increasing susceptibility to subsequent neurologic insults (16) . We propose herein that downregulation of bcl-2 expression may be one such mechanism through which stress compromises neuronal survival following experimental stroke.
In the present study, bcl-2 mRNA was Ϸ70% lower in the ischemic hemisphere of stressed animals compared with unstressed animals. Although it is clear that stress suppresses ischemic bcl-2 expression in a manner unlikely to benefit tissue survival after stroke, the mechanism requires further dissection. In these experiments, bcl-2 mRNA levels were similar in the nonischemic hemisphere of stressed and unstressed animals, suggesting that stress does not alter baseline bcl-2 expression. In unstressed animals, bcl-2 mRNA levels were also similar in ischemic and nonischemic hemispheres at 24 h. This was not unexpected, as bcl-2 expression is thought to be either increased after stroke or, at minimum, preferentially preserved in injured cells with restricted protein synthesis (18) (19) (20) (21) (22) . The similar bcl-2 levels in infarcted and noninfarcted tissue of unstressed animals argues against the notion that decreased bcl-2 levels merely reflects a larger infarct relative to unstressed animals. The apparently similar mRNA levels in both hemispheres of unstressed animals may actually represent increased relative bcl-2 expression within a smaller number of surviving neurons. The negligible bcl-2 induction could be partly explained by our technique of measuring bcl-2 mRNA in whole hemisphere without distinction of high vs. low cellular or regional expression. In contrast, bcl-2 levels ipsilateral to the insult decreased relative to the nonischemic hemisphere in stressed animals. This fall to below baseline steady-state expression in the ischemic hemisphere suggests enhanced bcl-2 mRNA degradation. Although the precise mechanism will require further study, suppression of peri-ischemic bcl-2 in stressed brain likely has functional significance, as emphasized by the results from constitutive bcl-2 overexpressing mice.
In cerebral ischemia studies, manipulations that preserve or augment bcl-2 result in smaller infarcts (18, (25) (26) (27) (29) (30) (31) (32) (33) , whereas manipulations that interfere with endogenous bcl-2 expression or enhance its degradation increase infarct size (24, 28) . The present data suggest that preserved bcl-2 expression can provide a buffer against stress-induced exacerbation of ischemic injury. Despite corticosterone concentrations similar to those of the WT, stress did not exacerbate infarct volume in bcl-2 transgenics. Thus, in contrast to WT mice, serum corticosterone was not correlated with infarct volume in bcl-2 transgenic mice. Whether the apparent neuroprotection afforded by bcl-2 in the focal cerebral ischemia model is associated with preservation of functional capabilities remains to be determined. It is also important to determine how acute stress, which has been shown to induce bcl-2 expression in peripheral tissue (45) , affects bcl-2 expression in the brain. There are other well defined examples of exposure to acute versus chronic stress having opposite physiological effects (46) .
In conclusion, we have demonstrated that psychosocial stress is capable of compromising an endogenous molecular mechanism of neuroprotection in injured brain by down-regulation of bcl-2 expression. However, animals with increased neuronal bcl-2 expression are not affected by exposure to stress despite typical corticosteroid responses to the induction of social stress and ischemia. Through a mechanism similar to the one described here, stress may impact the course of other ischemic diseases, such as myocardial infarction, that are known to be sensitive to stress (47) and influenced by bcl-2 expression (48). Postischemic corticosterone concentrations (ng͞ml) and percent infarct (relative to the contralateral hemisphere) are significantly correlated in WT mice (solid line) but not transgenic mice that constitutively express excess bcl-2 (dotted line). F, WT data; E, bcl-2 transgenic mice data. Data include both stressed and unstressed animals in each genotype.
